Aims/hypothesis Non-diabetic hyperglycaemia is usually not considered at all or is viewed as a binary risk category in isolation from other factors when quantifying cardiovascular risk. We argue that hyperglycaemia should be considered as a continuous risk factor and only in the context of other vascular risk factors. To examine the potential impact of hyperglycaemia on cardiovascular disease (CVD) risk, we calculated the absolute CVD risk in groups defined by different levels of HbA 1c and other CVD risk factors. Methods We used data on 10,144 men and women from the European Prospective Investigation of Cancer-Norfolk cohort to calculate CVD rates across levels of HbA 1c in groups characterised by different levels of traditional risk factors. Results We found significant differences in CVD rates across levels of HbA 1c in groups defined by different levels of the other risk factors. CVD rates for non-diabetic individuals with an HbA 1c of <5.5% increased from 0.6 (95% CI 0.3-1.2) to 29.6 (95% CI 14.8-59.1) per 1,000
Introduction
Observational studies have shown a continuous association between traditional cardiovascular risk factors such as cholesterol [1] and blood pressure [2] , and risk of cardiovascular disease (CVD). Randomised controlled trials have confirmed that treatment with lipid-lowering medication reduces the risk of ischaemic heart disease and stroke, regardless of pre-treatment blood cholesterol levels or other characteristics of the study participants [3] . Similarly, trials of blood pressure-lowering drugs have shown that relative risk reductions are comparable at different pre-treatment levels of blood pressure [4, 5] . This suggests that substantial benefits could be achieved from modifying these risk factors at any starting level in individuals whose absolute CVD risk is high for whatever aetiological reason [6] . The concept of treating individuals with a disease diagnosed by a threshold of one single risk factor, e.g. hypertension or hypercholesterolaemia, has thus been challenged [6, 7] . An approach using multivariate risk assessment tools to estimate absolute CVD risk, and consideration of the costs and benefits of treatment based on this value has been advocated in many countries [7, 8] .
Glycaemia is an important risk factor for CVD, not only among people with diabetes, but across the whole spectrum of glucose levels. Observational studies show a consistent and continuous relationship between glycaemia and CVD risk, even below diagnostic thresholds for diabetes. HbA 1c has been shown to predict CVD and all-cause and cardiovascular mortality rates independently of known cardiovascular risk factors [9, 10] . The effects of treatment to lower blood glucose among people with diabetes are broadly compatible with the observational evidence [11] [12] [13] [14] [15] . However, it is unclear whether lowering blood glucose in those with non-diabetic hyperglycaemia will reduce CVD risk [16] [17] [18] . Despite the strong evidence of linearity between glucose levels and cardiovascular risk among nondiabetic individuals [9] , most authorities have persisted in treating non-diabetic hyperglycaemia as a category usually defined as impaired fasting glucose, impaired glucose tolerance or 'pre-diabetes'. In the assessment of cardiovascular risk in populations, non-diabetic hyperglycaemia is either not considered at all or is dealt with independently from other cardiovascular risk factors with people being categorised as either having 'pre-diabetes' or not. To integrate non-diabetic hyperglycaemia with other risk factors for the assessment and management of cardiovascular risk, we calculated relative and absolute CVD risk in groups defined by different levels of CVD risk factors, including HbA 1c , in a large population-based cohort: the European Prospective Investigation of Cancer-Norfolk (EPIC-Norfolk).
Methods
We used data from EPIC-Norfolk, which is a populationbased prospective study of men and women aged 40 to 79 years residing in the Norfolk region of the UK. Details of the study have been described elsewhere [19] . Briefly, between 1993 and 1997, 77,630 individuals were invited from general practice to participate in the study. Of these, 25,639 (33%) consented and attended a baseline health assessment. Participants completed questionnaires about their personal and family history of disease, medication and lifestyle factors including smoking habits (current, exand non-smokers). They were asked whether a physician had ever told them that they had any of the conditions in a list including diabetes, heart attack and stroke. Additionally, baseline diabetes status was ascertained by: (1) self-report of diabetes medication; (2) diabetes medication brought to the baseline examination; (3) participants indicating modification of their diet in the past year because of diabetes mellitus; or (4) participants indicating adherence to a diabetic diet. Anthropometric and blood pressure measurements and non-fasting blood samples were also taken. We excluded individuals who had CVD at baseline (n=1,106) and those with missing values for one or more traditional CVD risk factors (n=2,662). As funding for HbA 1c only became available in 1995, around half of all participants had information on this measure at baseline. HbA 1c was measured in fresh EDTA blood samples using highperformance liquid chromatography (Diamat Automated Glycated Hemoglobin Analyzer; Bio-Rad Laboratories, Hemel Hempstead, UK), which was standardised to DCCT criteria. [20] We excluded participants without data on HbA 1c (n= 11,727), leaving 10,144 individuals for our analyses. During the study period, general practitioners of participants whose test results were abnormal (HbA 1c ≥ 7.0%) were notified so that they could assume responsibility for confirming diagnosis and arranging treatment. In the present study, participants were identified as having diabetes if they: (1) reported physician-diagnosed diabetes, diet modification due to diabetes or diabetes medication, or brought diabetes medication to the baseline health assessment; and/or (2) had an HbA 1c of ≥6.5% at baseline [21, 22] . We used values of continuous risk factors such as HbA 1c , blood pressure and blood lipids measured at baseline for all analyses.
The Norfolk area is slightly healthier than the general UK population, with a standardised mortality ratio of 93 (source: registration data, 2008, from Office for National Statistics, London, UK; www.statistics.gov.uk/StatBase/ssdataset.asp? vlnk=9876&Pos=1&ColRank=1&Rank=272, accessed 15 February 2010). However, the EPIC-Norfolk cohort is similar to a nationally representative sample with regard to anthropometric indices, blood pressure and serum lipids [19] .
We followed up participants who were free from CVD at the time of recruitment until development of a first CVD event or death. We report results for follow-up to 30 April 2007, a median of 10.1 years (interquartile range 9.6-10.8). Incident CVD was defined as a composite of fatal or nonfatal CVD, including hospitalisation for coronary heart disease and stroke, or death from coronary heart disease, stroke peripheral vascular disease. Vital status for all EPIC-Norfolk participants was obtained via death certification at the Office for National Statistics. Participants admitted to a hospital were identified by their National Health Service number. Hospitals were linked to the East Norfolk Health Authority database, which identifies all hospital contacts throughout England and Wales for Norfolk residents. Follow-up data were 95% complete for hospital records and over 99% complete for death. Previous validation studies in this prospective cohort indicated high specificity of such case ascertainment [23] .
Baseline characteristics were summarised separately for men and women, with and without a first cardiovascular event, using percentages, means and medians. We tested for differences between groups using χ 2 tests for categorical variables and t tests or Kruskal-Wallis tests for normally or non-normally distributed continuous variables.
We calculated CVD event rates by dividing the number of CVD events by person-years of follow-up. Follow-up was defined as the period from the date of the first health assessment to the first event date (date of hospitalisation or date of death) or 30 April 2007. We used Cox proportional hazards regression to calculate the age-adjusted relative risk of developing a first CVD event in groups defined by different levels of systolic BP, total cholesterol, HDLcholesterol, total cholesterol:HDL-cholesterol ratio (TC: HDL ratio) and HbA 1c . Cut-off points for these risk factors were chosen on the basis of clinically meaningful values in line with national and international guidelines [21, [24] [25] [26] . Proportional hazards assumptions were evaluated using Kaplan-Meier survival curves for categorical variables, none of which violated the assumptions.
To examine the combined effect of cardiovascular risk factors, we started by calculating the CVD event rate in the lowest risk reference group of non-smoking non-diabetic women aged ≤55 years and with systolic BP of ≤140 mmHg and a TC:HDL ratio of ≤4.5 (the mean value in this population). We then calculated CVD rates for groups characterised by the sequential addition of risk factors (nonmodifiable followed by modifiable) to the reference group, i.e. by adding age >55 years, male sex, TC:HDL ratio >4.5, systolic BP >140 mmHg, smoking and diabetes. CVD rates for these groups were calculated for different levels of HbA 1c (<5.5%, 5.5-5.9% and 6.0-6.4%). We did not include total cholesterol in this stage of analysis as it was not significantly associated with CVD risk in this study population. We evaluated the difference in cardiovascular event rates across groups using the logrank test for trend. We carried out sensitivity analyses, examining different cut-off points for age and different components of cholesterol. We also explored the effect of adding risk factors in a different order, i.e. adding age and sex after the modifiable risk factors.
We also compared CVD rates across tertiles of TC:HDL ratio (<3.7, 3.7-5.0 and >5.0) or mean systolic blood pressure (<126, 126-140 and >140 mmHg) in groups characterised by different levels of other risk factors.
Results
Baseline characteristics of the study population by CVD outcome and sex are shown in Table 1 . The mean age (SD) at baseline was 57.3 (9.6) years and 4,429 (44%) of the population were men. Individuals who developed CVD were older than those who did not. They were more likely to be men, from a lower social class and to have diabetes than those who did not develop CVD. People who developed CVD also had higher levels of systolic BP, BMI, total cholesterol, TC:HDL ratio and HbA 1c , and lower HDL-cholesterol values at baseline. Figure 1a- The main findings were not significantly altered by changing the order in which risk factors were added, changing the age cut-off point from 55 to 60 years or using HDL-cholesterol instead of TC:HDL ratio.
Relative risk of CVD
Comparisons of CVD rates across tertiles of TC:HDL ratio or mean systolic BP in groups characterised by different levels of other risk factors showed similar findings to those for HbA 1c (Figs 3 and 4) . Decisions on treatment for primary prevention of CVD should not be based on threshold levels of individual risk factors, including glycaemia, but mainly on the estimation of absolute CVD risk and on the costs and benefits of treatments that target individual risk factors as well as combinations of treatments. Our findings suggest that aiming for moderate reductions in several risk factors may be more effective than large reductions in one risk factor, even before consideration of the fewer side effects associated with lower doses of treatment.
Comparisons with previous studies We confirm previous studies showing that there is a common pattern of association between risk factors such as systolic BP, HDL-cholesterol, TC:HDL ratio and HbA 1c and CVD risk without any obvious risk thresholds across a wide range of levels. A meta-analysis of 61 prospective studies showed that total cholesterol, HDL-cholesterol and TC:HDL ratio were continuously associated with death from ischaemic heart disease at all ages and blood pressure levels, and with stroke mortality rates in middle-aged individuals [1] . Another meta-analysis by the same authors found that blood pressure was strongly associated with risk of stroke and death from ischaemic heart disease throughout middle and old age, without any evidence of a threshold [2] . The authors reported a constant proportional change in CVD risk for a given change in each risk factor, a finding similar to our own findings. Previous studies using data from the EPIC-Norfolk cohort reported an independent association of HbA 1c with risk of CVD events, and with all-cause and CVD-specific death [9, 27] . We have now demonstrated differences in absolute CVD rates across HbA 1c levels (both in non-diabetic and diabetic ranges) in individuals with different levels of other CVD risk factors. Jackson et al. have also shown the effect on absolute CVD risk of sequentially adding risk factors in individuals with different levels of blood pressure and total cholesterol [7] . However, they used the Framingham risk equations to calculate modelled CVD risk [7] . Here, we have demonstrated the combined effects of risk factors including HbA 1c on actual CVD rates in a representative British population.
Uncertainties about the beneficial effects of lowering blood glucose on CVD risk Evidence from prospective observational studies shows a continuous relationship between Nateglinide and Valsartan in Impaired Glucose Tolerance Outcomes Research (NAVIGATOR) trial , which was the first clinical trial devised to investigate the effect of lowering blood glucose on the risk of cardiovascular events as a primary outcome in people with non-diabetic hyperglycaemia, showed no reduction in cardiovascular events over 6 years [28] . However, while a small reduction in plasma glucose levels was observed, 2-h post-challenge glucose was elevated in the intervention compared with the control groups. It is likely that the benefit of glucose-lowering therapy is modest compared with interventions targeting other risk factors [29] . The lower-than-expected CVD rates in the intervention and control groups in the ACCORD trial, ADVANCE trial and VADT highlight the importance of an integrated approach to the assessment and treatment of all CVD risk factors, not only hyperglycaemia [29] .
The importance of absolute CVD risk estimation The combined effect of risk factors on absolute risk of CVD emphasises the importance of using multivariate risk prediction tools. Previous studies have shown that a small effect of an individual risk factor on CVD risk could be magnified in the presence of other risk factors. In other words, an individual with mildly abnormal levels of several risk factors often has a greater absolute CVD risk than someone with a raised level of one risk factor [7, 30] . Neaton and Wentworth showed that absolute CVD risk can vary up to 20-fold in people with the same levels of traditional CVD risk factors such as cholesterol and blood pressure [31] . Our study supports this finding by demonstrating that non-diabetic individuals with a 'low' HbA 1c level and high values for all other CVD risk factors had a markedly higher absolute CVD risk than those with a 'high' HbA 1c level but with no other raised CVD risk factors. Compared with multifactorial CVD risk assessment, major CVD risk factors such as blood pressure or blood lipid levels are, individually, poorer predictors of CVD risk and of the benefits of treatment in individuals with and without existing CVD [6, 8] . The same is demonstrably true for non-diabetic hyperglycaemia. This suggests that clinicians should treat patients based mainly on absolute CVD risk, rather than treating them according to the presence of hypertension, hypercholesterolaemia or pre-diabetes.
Strengths and limitations
In this large prospective cohort with robust ascertainment of CVD events, we have shown that different levels of CVD risk factors, including HbA 1c , confer different risks of CVD events. Due to the small number of individuals and CVD events in some groups, we did not find a significant difference in CVD rates across HbA 1c levels in all of the subgroups of individuals. Using hospital linkage data for ascertainment of CVD outcomes might lead to misclassification of non-fatal CVD events, as not all non-fatal CVD cases lead to hospital admission. However, this method captures the non-fatal events of most clinical importance, and previous validation studies in this cohort have indicated high specificity of such case ascertainment [23] . We used values of HbA 1c , blood pressure and blood lipids measured at baseline rather than 'usual levels' for our analysis. It is therefore possible that regression 
